Phenyl-substituted dihydropyrazines (Ph-DHPs) are derivatives of 2,3-dihydro-5,6-dimethylpyrazine (Me-DHP). Upon the addition of Cu 2؉ , Me-DHP inhibits the growth of Escherichia coli by generating hydroxyl and carbon-centered radicals that cause DNA strand breakage. Here, we investigated the toxic effect of Ph-DHPs in several DNA repair-deficient or detoxifying enzyme-deficient mutant strains. Ph-DHPs caused cytotoxic and genotoxic damage, but, in a sodA sodB strain, the effects in the presence or absence of Cu 2؉ were different than those of Me-DHP. Our results suggest that the action of the generated superoxide anion in the interior side of the cell is remarkable.
In previous studies, [1] [2] [3] [4] [5] [6] [7] [8] [9] we investigated the characteristics of dihydropyrazines (DHPs) such as 2,3-dihydro-5,6-dimethylpyrazine (Me-DHP), which causes DNA strand breakage in the plasmid pBR322. 1, 2) We showed that DHPs inhibit growth 8) and cause mutagenesis 8, 9) in Escherichia coli and that Me-DHP is cytotoxic and genotoxic in E. coli due to the production of radical species in the presence of Cu 2ϩ . 4, 5) Phenyl substituted dihydropyrazines 5, 10) (Ph-DHPs) have much higher DNA strand-breaking activity and produce higher levels of radical species than Me-DHP. Therefore, in the current studies, we examined the effects of Ph-DHPs on E. coli.
It is forecast that DHP that originates in the sugar is in vivo generated, and exists universally in vivo, 7) and has revealed a critical role by the characteristics as mentioned before. These DHPs may be involved in various internal injuries in vivo, the characteristics of DHPs in vivo may be significant in the prevention of disease. It was already reported that a dihydropyrazine (DHP) derivative, 3,6-dihydropyrazine-2,5-dipropanoic acid, 11) derived from 5-aminolevulinic acid, caused the increased frequency of liver cancer by DNA damage. 12) (Fig. 1) were synthesized by condensation of ketones (1,2-dione-1-phenyl-propane) and diamines (ethylenediamine derivatives). 2,3-Dihydro-5-methyl-6-phenylpyrazine (Ph-DHP-1), 2,3-dihydro-2,5-dimethyl-6-phenylpyrazine (Ph-DHP-2), 3-hydro-2,2,5-trimethyl-6-phenylpyrazine (Ph-DHP-3), and 2-methyl-3-phenyl-5,6,7,8,9,10-hexahydroquinoxaline (Ph-DHP-4) were prepared by the method of Yamaguchi et al. 2, 5, 13) WST-1 was purchased from Dojindo Laboratories, Ltd. (Kumamoto city, Japan). Bovine erythrocyte CuZn superoxide dismutase (SOD), bovine liver catalase, and other chemicals were used in commercially available.
MATERIALS AND METHODS

Synthesis of DHPs Ph-DHPs
Bacterial Strains E. coli K-12 strains used were all derived from AB1157. AB1157, AB2463 [as AB1157 (recA)] and AB1885 [as AB1157 (uvrB)] were obtained from the National BioResource Project (NIG, Japan). AB1157 (recA), AB1157 (uvrB), AB1157 (katE katG), and SODD [as AB1157 (sodA sodB)] were described in a previous paper. 14) CATD [as AB1157 (katE katG)] was constructed as follows. A tetracycline-sensitive (Tet s ) clone from AB1157 (katE) 14) was selected using chlortetracycline as described previously.
15) The katG gene from UM197 (ara-14 argG77 azi-6 galK2 his-208 ilvA681 katG17::Tn10 lacY1 leuB6 malA38 metA160 mtl-1 proC83 purE42 rpsL109 supE44 thi-1 tonA23 trpE38 tsx-67 xthA xyl-5) was introduced into the AB1157 (katE Tet s ) clone by P1-mediated transduction. UM197 was obtained from the National BioResource Project (Japan).
Survival Assay E. coli was cultured overnight and diluted 100-fold in fresh LB medium and grown at 37°C until the OD 600 was approximately 0.1. Cells were challenged with DHPs for 1 h in the presence or absence of 1 mM CuCl 2 , incubated with shaking at 37°C, plated on LB agar, and then incubated overnight at 37°C. Survival rates were calculated as the percentage of cells surviving after challenge with Ph-DHP-1, Ph-DHP-2, Ph-DHP-3, or Ph-DHP-4. All experiments were conducted at least four times.
ESR Spectroscopy of Dihydropyrazines ESR spectra were recorded on a JES-FA100 spectrometer (JEOL Co., Tokyo, Japan) using a Mn 2ϩ marker as an external standard and an ES-LC12 flat cell (JEOL Co.). The spectra were collected from a solution containing 50 mM Tris-HCl buffer (pH 7.1) and 5, 4, 5) Ph-DHPs were dissolved in 20 ml of DMSO and then added to the buffer solution. The instrument conditions were as follows: field center, 335.5 mT; scan width, 5.0 mT; time constant, 0.1; microwave power, 10 mW; microwave frequency, 9.41 GHz; sweep time, 2 min. ESR spectra for Ph-DHPs (1.5 mM) were obtained in 50 mM Tris-HCl buffer containing 10% DMSO 30 min after mixing, and the amount of spin for hydroxyl and carboncentered radicals was estimated by comparison with the ESR spectrum for a standard solution (2 mM) of 2,2,6,6-tetramethyl-4-piperidinol-1-oxyl.
WST-1 Assay The WST-1 assay was carried out in 100 ml of 50 mM phosphate buffer (pH 7.5) containing 2 mM WST-1 and 2 mM DHPs. Superoxide anion production was monitored by measuring the absorbance at 438 nm.
RESULTS
During the search for DHPs with increased DNA strandbreakage activity, we identified Ph-DHP, which contains a phenyl group in place of the methyl group in Me-DHP. Ph-DHP-1 5, 10) had not only a higher DNA strand-breakage activity but also produced a higher level of radical species than Me-DHP as determined by ESR spectroscopy. Moreover, we predicted that Ph-DHPs would have different effects on cells than Me-DHP because the Ph-DHPs are more fat soluble, which should improve their ability to penetrate the cell membrane.
Therefore, we compared the effects of Ph-DHPs (Ph-DHP-1, -2, -3, -4; Fig. 1 (Figs. 2-5 ). The recA strain is deficient in a homologous DNA recombination protein, RecA. The uvrB strain is deficient in a nucleotide excision repair protein, UvrB. The katE katG strain is deficient in a monofunctional catalase (HP II) and a bifunctional catalase, hydroperoxidase I (HPI), respectively. The sodA sodB strain is deficient in a manganese superoxide dismutase and an iron superoxide dismutase, respectively. We found that the 1664 Vol. 30, No. 9
Fig. 2. Survival of E. coli Mutants Exposed to Ph-DHP-1
The survivals of AB1157 (wt; ᭹), AB1157 (recA; ᭺), AB1157 (uvrB; ᭡), AB1157 (katE katG; ), and AB1157 (sodA sodB; ᮀ) strains of E. coli were examined after a 1-h treatment at 37°C in the presence of various concentrations of Ph-DHP-1 in the absence (left) or presence (right) of 1 mM CuCl 2 . Results represent the average of at least four independent experiments.
Fig. 3. Survival of E. coli Mutants Exposed to Ph-DHP-2
The survivals of AB1157 (wt; ᭹), AB1157 (recA; ᭺), AB1157 (uvrB; ᭡), AB1157 (katE katG; ), and AB1157 (sodA sodB; ᮀ) strains of E. coli were examined after a 1-h treatment at 37°C in the presence of various concentrations of Ph-DHP-2 in the absence (left) or presence (right) of 1 mM CuCl 2 . Results represent the average of at least four independent experiments.
lethal effect of Ph-DHPs increased in the presence of Cu 2ϩ . Interestingly, the compounds were toxic to the sodA sodB strain regardless of the presence of Cu 2ϩ . We also conducted ESR spectroscopy to examine the generation of radical species by the Ph-DHPs. The order of the signal intensities in the ESR spectra for Ph-DHPs in the presence of Cu 2ϩ for carbon-centered radicals was Ph-DHP2ϾPh-DHP-1ϾPh-DHP-3ϾPh-DHP-4, and the one for hydroxyl radicals was Ph-DHP-2ՆPh-DHP-1ՆPh-DHP-3ϾPh-DHP-4. Addition of Cu 2ϩ increased the amount of spin for hydroxyl and carbon-centered radicals generated from Ph-DHP-1 approximately 8-and 20-fold, respectively. Figure 6 shows a typical profile for the hydroxyl, two carbon-centered, and superoxide anion radicals for Ph-DHP-1, although the peak for the superoxide anion radical was very small. The addition of Cu 2ϩ increased the strength of each signal except for that of the superoxide anion radical.
Therefore, we examined the generation of the anion radicals by Ph-DHPs in the absence of Cu 2ϩ using the highly water-soluble tetrazolium salt, WST-1 (4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate sodium salt) 16) in the presence of CuZn SOD. We also examined the effect of adding DMSO alone, which was used to increase the solubility of the Ph-DHPs (Fig. 7) . In the absence of Cu 2ϩ , the ability of Ph-DHPs to generate superoxide anion decreased in the following order: Ph-DHP-2ϾϾPh-DHP3ϭPh-DHP-4ϾPh-DHP-1 (Fig. 8) . The WST-1 assay could not be performed in the presence of Cu 2ϩ due to the formation of a precipitate.
DISCUSSION
In the comparison with the effect of Me-DHP described in the previous reports, 8, 12) the effect on E. coli of Ph-DHPs was examined. The relative lethal effect (as mentioned after) of Ph-DHPs to E. coli does not correspond with their relative 
. Survival of E. coli Mutants Exposed to Ph-DHP-3
The survivals of AB1157 (wt; ᭹), AB1157 (recA; ᭺), AB1157 (uvrB; ᭡), AB1157 (katE katG; ), and AB1157 (sodA sodB; ᮀ) strains of E. coli were examined after a 1-h treatment at 37°C in the presence of various concentrations of Ph-DHP-3 in the absence (left) or presence (right) of 1 mM CuCl 2 . Results represent the average of at least four independent experiments.
Fig. 5. Survival of E. coli Mutants Exposed to Ph-DHP-4
The survivals of AB1157 (wt; ᭹), AB1157 (recA; ᭺), AB1157 (uvrB; ᭡), AB1157 (katE katG; ), and AB1157 (sodA sodB; ᮀ) strains of E. coli were examined after a 1-h treatment at 37°C in the presence of various concentrations of Ph-DHP-4 in the absence (left) or presence (right) of 1 mM CuCl 2 . Results represent the average of at least four independent experiments.
abilities (Ph-DHP-2ϾPh-DHP-1ϾPh-DHP-3ϾPh-DHP-4, the order of the breakage activity at 10 mM of DHP under the presence of Cu 2ϩ 1 mM) 11) to induce DNA cleavage and to induce radical species. On the other hand, the peak heights for the radical species in ESR spectra also did not directly correspond with their relative toxicities, although it is expected that the toxicity of the Ph-DHPs is linked to the ability to generate radical species.
In the absence of Cu 2ϩ , strain sodA sodB, which lack SOD, was the most sensitive to all tested Ph-DHPs. On the other hand, the DNA repair-deficient mutant strains, recA and uvrB, were relatively insensitive to these compounds. These findings suggest that, in contrast to Me-DHPs, the toxicity of Ph-DHPs is not mediated by damage to DNA but rather by injury to the cell. Furthermore, in the presence of Cu 2ϩ , Ph-DHP-1, -2, and -3 were toxic to the recA strain, which is deficient in DNA repair. Because the signal intensity of carboncentered radicals in the ESR spectra greatly increased upon addition of Cu 2ϩ , it appears that, like Me-DHPs, 8) Ph-DHPs can cause DNA damage in E. coli via carbon-centered radicals.
14)
The order of the ESR signal intensity for hydroxyl and carbon-centered radicals did not appear to agree with the order of toxicity for the Ph-DHPs in the five strains of E. coli. In the absence of Cu 2ϩ , the toxicity was Ph-DHP-4ϾPh-DHP-1ՆPh-DHP-2ϾPh-DHP-3, whereas in the presence of Cu 2ϩ , it was Ph-DHP-3ϾPh-DHP-2ϾPh-DHP-1ϾPh-DHP-4. Scince the sodA sodB strain is sensitive to Ph-DHPs, the production of superoxide anion might be a reason for it bacterial toxicity. The data examined by WST-1 assay (Figs. 7,  8 ) strongly supported the existence of the anion radical. This paper describes the superoxide anion radical productivity in vitro of Me-DHP is higher than those of Ph-DHPs (Figs. 7,  8) . However, the toxicities of Ph-DHPs to the sodA and sodB double mutant are inversely higher than those of Me-DHPs 14) (Figs. 2-5 ). More, while both the in vitro productivities of hydroxyl radical and carbon-centered radical and the in vitro DNA strand-breakage activity of Ph-DHPs, which might be key factors for the toxicity for the recA mutants, 14) are much higher than those of Me-DHPs, the toxicities to the recA mutant of the Ph-DHPs are much the same as those of MeDHPs 14) (Figs. 2-5 ). This discrepancy between in vitro and in vivo effect could be explained by the notion that the higher fat solubility of Ph-DHPs than Me-DHPs might play a major role demonstrated in place (inside or outside of cell) where Me-DHPs exist. That is, Ph-DHPs penetrate into cell membrane and increase their cell membrane concentrations, which results in enhanced cell toxicity to sodA and sodB double mutants. At 10 mM Ph-DHP-1, -2, or -3 in the presence of Cu 2ϩ , the sensitivity of the strains increased in the The assay mixture contained 50 mM phosphate buffer (pH 7.5), 2 mM WST-1, and 2 mM DHPs in the absence or presence of 50% DMSO.
Fig. 8. Generation of Superoxide Anion by Ph-DHPs
The assay mixture contained 50 mM phosphate buffer (pH 7.5), 2 mM WST-1, 2 mM Ph-DHPs, and 10% DMSO in the absence or presence of CuZn-SOD (250 units).
following order: wtϽuvrBϽkatE katGϽrecAϽsodA sodB. For Ph-DHP-4, the order of sensitivity was wtՆuvrBϭkatE katGϭrecAϽsodA sodB. These results suggested that the influence of the radical species is hydroxyl radicalϽcarbon-centered radicalsϽsuperoxide radical to the lethal effect on E. coli.
Chart 1 depicts the process by which radical species are generated from DHPs. The production of superoxide radical, which is generated at the first stage of DHP auto-oxidation in O 2 -containing aqueous solution, and the formation of Cu 1ϩ by Cu 2ϩ extraction of an electron from DHPs were described previously.
2) ESR spectroscopic analysis of DHPs indicated that the generation of hydroxyl radical and carbon-centered radicals increased considerably upon addition of Cu 2ϩ , although it was not clear whether there was an increase in the production of superoxide anion. We suspect that processes (1) and (2) . This difference in the presence and absence of Cu 2ϩ is reflected by differences in the toxicity of the compounds (Figs. 2-5 ). At 10 mM Ph-DHPs in the presence of Cu 2ϩ , the interaction of DHPs with O 2 decreases, reducing the generation of superoxide anion, and, therefore, decreasing the effect on the sodA sodB strain. On the other hand, an increase in the amount of generation of the carboncentered radical by the action of Cu 2ϩ has improved a lethal effect of all strains.
Compared to the wt strain, the SOD-deficient strain was very sensitive to Ph-DHPs in both the absence and presence of Cu 2ϩ , suggesting the participation of hydroxyl and superoxide anion radicals in the toxicity. Similarly, when the cases of Me-DHPs 12) were so, the toxicity of Ph-DHPs was unaffected by the addition of the radical scavengers catalase and SOD, indicating that Ph-DHPs produce radicals inside the cell because the enzymes cannot reach the interior of the cell. The Ph-DHP sensitivity of the recA strain, which is DNA repair-deficient, was increased in the presence of Cu 2ϩ , although this strain was still less sensitive than SOD-deficient strain. We previously reported that the sensitivity of the recA mutant strain to DHPs is due to a lack of DNA recombination rather than the induction of SOS repair. 8) The substantial difference in the effects of Me-DHPs and Ph-DHPs appears to be related to their relative ability to penetrate into cell membrane. Furthermore, the cytotoxicity and genotoxicity of Ph-DHPs appeared to be due to the production of hydroxyl, superoxide, and carbon-centered radicals. Although the toxicity of the Ph-DHPs is similar to that of Me-DHPs, 8, 12) the effect of Ph-DHPs is mainly due to cytotoxic damage, whereas that of Me-DHPs is mainly due to genotoxic damage. We predicted that the cytotoxic effect of Ph-DHPs was due to the production of radical species or to direct effects on cellular enzymes. Further studies are needed to help determine the mechanisms of the biological effects of DHPs.
